A lthough controlled hypoventilation with permissive hypercapnia is currently the preferred ventilatory strategy for management of status asthmaticus (1-6), the degree to which ventilation should be limited is not well established. Tuxen and Lane (7) found that excessive dynamic hyperinflation (DHI) predicted the development of hypotension and barotrauma during mechanical ventilation of severe asthma, and Williams et al. (8) found that the degree of DHI increased significantly when expiratory time was shortened by increasing the respiratory rate or by decreasing the inspiratory flow rate. However, patients in the latter study were only studied at three levels of minute ventilation: 10, 16, and 26 L/min (8). It is uncertain to what extent changes in expiratory time would affect DHI at lower levels of minute ventilation. This study was designed to assess the effect of prolongation of expiratory time on DHI in mechanically ventilated patients with status asthmaticus whose baseline minute ventilation approximated 10 L/min.
A lthough controlled hypoventilation with permissive hypercapnia is currently the preferred ventilatory strategy for management of status asthmaticus (1) (2) (3) (4) (5) (6) , the degree to which ventilation should be limited is not well established. Tuxen and Lane (7) found that excessive dynamic hyperinflation (DHI) predicted the development of hypotension and barotrauma during mechanical ventilation of severe asthma, and Williams et al. (8) found that the degree of DHI increased significantly when expiratory time was shortened by increasing the respiratory rate or by decreasing the inspiratory flow rate. However, patients in the latter study were only studied at three levels of minute ventilation: 10, 16, and 26 L/min (8) . It is uncertain to what extent changes in expiratory time would affect DHI at lower levels of minute ventilation. This study was designed to assess the effect of prolongation of expiratory time on DHI in mechanically ventilated patients with status asthmaticus whose baseline minute ventilation approximated 10 L/min.
PATIENTS AND METHODS
Twelve patients (four men, eight women) aged 19 -56 yrs (median, 34 yrs) who underwent mechanical ventilation for status asthmaticus were evaluated (Table 1) . Clinical indications for intubation were altered mentation, evidence of fatigue, or both. All patients were studied within 24 hrs of intubation while being mechanically ventilated (Adult-Star Ventilator, Infrasonics) in the assist-control mode with a square inspiratory flow waveform and no applied positive endexpiratory pressure (PEEP). The tidal volume and inspiratory flow rate that had been selected by the patient's primary physician were maintained during the study. At the time of study, all patients were without spontaneous respiratory efforts as a result of sedation with propofol and fentanyl, with or without neuromuscular paralysis.
Airway pressures-peak pressure (Ppk), plateau pressure (Pplat), and auto-PEEPwere measured at respiratory rates of 18, 12, and 6 breaths/min. Measurements were made after a minimum of five to six breaths at the given rate. Both Ppk and Pplat were recorded from the ventilator's digital display. A 2-sec inspiratory pause was used to measure Pplat. The ventilator's automated auto-PEEP program results in an unacceptably brief (Ͻ1 sec) end-expiratory pause. Therefore, auto-PEEP was measured by manual occlusion, as previously described (9) . Briefly, after a pressure recording device had been placed between the endotracheal tube and the Y-piece through use of a T adapter, the ventilator circuit was removed during expiration and the open end of the T adapter was manually occluded for several seconds at end-expiration to seal the airway and thereby permit measurement of auto-PEEP. In seven cases, auto-PEEP was measured with a variable reluctance pressure transducer (Validyne MP-45) and in five cases with an anaeroid manometer (Boehringer, Riverside, CA), both devices having been calibrated previously. In seven cases expiratory flow was also measured at the proximal end of the endotracheal tube, using a pneumotachometer (Hans Rudolph 3700b, Kansas City, MO) that had been calibrated by a flow rotameter in the range of 10 -200 mL/sec.
After data collection was completed, the information was given to the patient's primary physician to assist in decision making regarding choice of ventilator settings. Since the information obtained during the study period was being used to aid in bedside decision making, the hospital's human research committee approved the analysis and publication of data that had been collected without need for informed consent. Data are expressed as mean Ϯ SD. Statistical comparisons were done by Student's t-test.
RESULTS
At the time of study, tidal volume was 613 Ϯ 100 mL and inspiratory flow rate was 79 Ϯ 4 L/min (Table 2 ). Expiratory time was 2.9 Ϯ 0.1 secs at a respiratory rate of 18 breaths/min, 4.5 Ϯ 0.1 secs at a rate of 12 breaths/min, and 9.5 Ϯ 0.1 secs at a rate of 6 breaths/min. Fig. 1 ). Like Pplat, auto-PEEP decreased when the respiratory rate was lowered from 18 to 12 breaths/min (14. (Fig. 1) . In contrast to Pplat and auto-PEEP, Ppk did not change when the respiratory rate was lowered from 18 to 12 breaths/min (66. (Table 2) .
In seven cases expiratory flow tracings were used to determine instantaneous end-expiratory flow at each of the three respiratory rates. End-expiratory flow was 61.4 Ϯ 12.6 mL/sec at a respiratory rate of 18 breaths/min, 38.6 Ϯ 4.5 mL/sec at a rate of 12 breaths/min, and 23.1 Ϯ 5.8 mL/sec at a rate of 6 breaths/min (Fig. 2 ). An expiratory flow tracing for an individual patient is shown in Figure 3 .
DISCUSSION
The first large study to report on the use of intentional hypoventilation for management of status asthmaticus was published by Darioli and Perret in 1984 (10) . These investigators reasoned that, in the setting of severe asthma, it may be safer to limit the degree of pulmonary hyperinflation than to attempt to correct hypercapnia by increasing the ventilator tidal volume and respiratory rate. The fact that none of the 34 patients managed with this novel approach died or developed barotrauma was striking given the considerable mortality and morbidity rates reported in earlier series of mechanical ventilation for status asthmaticus (11) . Three years later, Tuxen and Lane (8) examined three levels of minute ven- tilation (10, 16 and 26 L/min) and three inspiratory flow rates (40, 70, and 100 L/min) in patients with severe air flow obstruction, using the volume of gas exhaled during a prolonged apnea as the principal indicator of DHI. Their most important finding was that DHI increased markedly as minute ventilation was increased (8) . In addition, at the two higher levels of minute ventilation, DHI was increased when expiratory time was shortened by a reduction in inspiratory flow rate (8).
Our study was designed to address the effect of expiratory time on the severity of DHI in mechanically ventilated patients with severe asthma at a minute ventilation Յ10 L/min. As recommended previously (3, 5, 12, 13, 14) , Pplat was used as a principal indicator of change in DHI. Although Pplat is of course influenced by the compliance of the lung and chest wall, the change in Pplat at constant tidal volume in response to prolongation of expiratory time will reflect the change in DHI. As expected, prolongation of expiratory time resulted in a decrease in Pplat. However, Pplat only decreased by a little over 2 cm H 2 O when the respiratory rate was lowered from 18 to 12 breaths/min and by a similar amount when the rate was further lowered further to 6 breaths/ min. Therefore, even when expiratory time was prolonged by almost 7 secs, Pplat decreased Ͻ5 cm H 2 O.
These changes in Pplat are predictable in light of the measured values of endexpiratory flow (Fig. 2) . Average endexpiratory flow rates were approximately 60 mL/sec at a respiratory rate of 18 breaths/min, 40 mL/sec at a rate of 12 breaths/min, and 20 mL/sec at a rate of 6 breaths/min. Assuming a respiratory system compliance of 60 mL/cm H 2 O (the average value for our patients), to achieve a 2 cm H 2 O decrease in Pplat (120 mL reduction in lung volume) would require that expiratory time be prolonged by 2 secs if expiratory flow rate was 60 mL/sec, by 3 secs if the flow rate was 40 mL/sec, and by 6 secs if it was 20 mL/sec. Therefore, the benefit derived from prolongation of expiratory time becomes progressively less the lower the baseline respiratory rate.
A high inspiratory flow rate (e.g., 100 L/min) has been advocated for management of mechanically ventilated patients with severe asthma to maximize expiratory time for any given respiratory frequency (2) (3) (4) 12) . However, at the tidal volumes and respiratory rates used in this study, the end-expiratory flow rates that were measured would predict a minimal impact of inspiratory flow rate on the severity of DHI. For example, when tidal volume is 600 mL, an increase in inspiratory flow rate from 60 L/min (1 L/sec) to 120 L/min (2 L/sec) will lengthen expiration by 0.3 secs. With an end-expiratory flow rate of 60 mL/sec, this would reduce end-expiratory lung volume by only 20 mL. The trivial effect of inspiratory flow rate on DHI at lower levels of minute ventilation is consistent with the data presented by Tuxen and Lane (8) , in that they noted a significant impact of inspiratory flow rate on DHI only at higher levels of minute ventilation.
One of the unanticipated findings in our study was that the average Ppk did not change significantly as respiratory rate was decreased, with the response being variable among patients. In some cases prolongation of expiratory time led to nearly equivalent reductions in Ppk and Pplat, without a change in inspiratory flow-resistive pressure (i.e., Ppk Ϫ Pplat). However, in other cases Ppk remained unchanged (or even increased slightly) as Pplat decreased, indicating that flow-resistive pressure had increased. The effect of lung volume on total respiratory system resistance is complex, with a decrease in lung volume resulting in a simultaneous increase in intrinsic airways resistance and a decrease in additional tissue resistance (15) . At the high inspiratory flow rates used in our study, the effect on intrinsic airways resistance may become more important (15) , and this could possibly account in part for the observation that some patients showed an increase in flowresistive pressure as respiratory rate was lowered. In addition, it is possible that prolongation of expiratory time could allow more opportunity for airway closure (9) , and this could conceivably contribute to an increase in flow-resistive pressure. Regardless of the mechanism, our data suggest that in some patients Ppk may not reflect changes in DHI that result from prolongation of expiratory time. 
